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Introduction
For many marine species, recruitment success requires transport from open-ocean to estuarine nursery habitats during early life and larvae must therefore adopt strategies for successful ingress into estuarine nursery grounds (Islam et al., 2007) . Estuary ingress strategies are often related with larvae vertical distribution patterns. These patterns are complex and can be actively altered depending biotic and abiotic factors, involving behaviours that can change from species to species and depending on factors such as endogenous rhythms or development stage (e.g. Irigoien et al., 2004; Barletta and Barletta-Bergan, 2009; Leis, 2010; Tamaki et al., 2010) .
Recently, there has been a growing interest in vertical distribution and migration by decapods larvae (e.g. Queiroga et al., 2007; Tamaki et al., 2010) , copepods (e.g. Ueda et al., 2010) and fish larvae (e.g. Auth et al., 2007; Voss et al., 2007; Barletta and Barletta-Bergan, 2009; Leis, 2010) . Despite their planktonic nature, fish larvae can control their vertical position in the water column. This vertical migration seems to have a main role that allows the larvae to reach or stay in certain favourable areas and control passive drift (Aceves-Medina et al., 2008; Tamaki et al., 2010) . Moreover, knowledge of the vertical distribution of larvae is critical to understand the structure and ecological interactions of ichthyoplankton communities (Gray, 1998) . Larvae often use active upward or downward swimming and passive sinking coupled with both circadian and tidal rhythms (Tamaki et al., 2010) .
Diel vertical migrations are common within larval phase of fish. The most common is movement into the upper water column during night and into deeper water during the day (e.g. Tsukamoto et al., 2001; Auth et al., 2007) . However, the reverse pattern has also been observed (e.g. Brodeur and Rugen, 1994; Bradbury et al., 2006) . Some species do not show diel variations but may form aggregations during the daytime and disperse at night (e.g. Jensen et al., 2003) . Diel vertical migrations have been related to optimum light conditions, predator avoidance and suitable prey concentrations (e.g. Brodeur and Rugen, 1994; Irigoien et al., 2004) .
Tidal vertical migration is also a common mechanism in estuarine species living in areas dominated by tidal currents. While diel patterns are widely associated with predation-prey relationships, tidal cycles of vertical migration are linked to horizontal transport, retention or dispersion mechanisms. The most common is selective tidal-stream transport (STST), during which larvae are supposed to ascend actively in the water column during flood and return to the bottom when the tide turns (e.g. Forward and Tankersley, 2001; Gibson, 2003) . In this way, organisms can be advected to upstream parts of the estuary during floods and, on the
other hand, getting out of seaward-moving water layers during ebb could facilitate larval retention within an estuary (e.g. Jager, 1999 , DiBacco et al., 2001 . STST have been imputed to several species of zooplankton (e.g. Rawlinson et al., 2005) , larval benthic invertebrates (e.g. Queiroga et al., 2007; Jessopp and McAllen, 2008) and larval and juvenile fishes (e.g., Schultz et al., 2003; Miller and Shanks, 2004; Islam et al., 2007) . For fish larvae, this behaviour can be critical to survival since changes in environmental conditions may affect recruitment success of both estuarine and non estuarine-dependent species (Parrish et al., 1981) .
Fish larvae vertical migration studies are often performed in coastal/offshore habitats (e.g. Auth et al., 2007; Voss et al., 2007; Garrido et al., 2009) or focused on tidal transport (e.g. Jager, 1999) however integrated work on the seasonal effect of the three cycles (tidal, diel and semi-lunar) in estuarine icthyoplankton is uncommun (e.g. Schultz et al., 2003) . This study aimed to investigate the influence of diel and tidal cycle on larval fish vertical distribution over one neap and one spring tide during two opposite seasons (winter and summer) in a temperate small European estuary. It describes how larval vertical distributions differed among species and which mechanisms of transport could result from these distributions. Also, it is the first examination of diel/tidal variation in the vertical distributions of ichthyoplankton in the Mondego estuary and intended to supplement previous spatial and temporal analyses (e.g. Primo et al., 2011).
Material and methods

Study site
The Mondego River estuary is a mesotidal system, located in the western coast of Portugal (40º08'N, 8º50'W) (Fig. 1) . The hydrological basin of the Mondego, with an area of 6 670 km 2 , provides an average freshwater flow rate of 79 m 3 s -1 (Dolbeth et al., 2010) . The wellmixed estuary consists of two channels divided by the Murraceira Island converging again near the mouth. Here the influence of both the river flow and neritic waters is strong and the depth is around 6-13 m. The north arm is deeper, with 5-10 m depth at high tide while the south arm is shallower, with 2-4 m depth at high tide. Tides in this system are semi-diurnal, and at the inlet the tidal range is 0.35-3.3m.
Sample collection
Plankton samples were collected from a single station (M) located at the mouth of the estuary (Fig.1 ). Sampling cruises were performed both in summer (June 2005) and winter (December
). In each season, hourly samples were collected over two diel cycles coinciding with neap and spring tides. Samples were collected in the opposite direction of the current using horizontal tows (bongo net: mesh size 335µm, mouth diameter: 0.5 m; 3 min. tow; 2 knots) equipped with a Hydro-Bios flowmeter (average water filtered: 20m 3 ) and preserved in a borax-buffered formalin seawater solution. Each hour samples were collected from both subsurface and near (<1m) bottom. Salinity and water temperature (ºC) were measured immediately after sampling using appropriate sensors. Samples were sorted in the laboratory and fish larvae were identified to the species level whenever possible under a stereoscopic microscope. Although restricted over the spatial scale, missing lateral gradients, this high frequency sampling allowed to detect changes in the main ichthyoplankton species density related to ebb-flood dynamics.
Data analysis
Larval density for each depth sampled was expressed as the number of larvae per 100 m 3 . The samples were classified as day (from sunrise to sunset) and night periods. According to the expected moments of high-and low-water, samples were also classified as ebb or flood tides.
Samples collected 1 hour before and after the expected moments of high or low tide were consider as collected during flood or ebb, respectively.
Diel and tidal fish larvae vertical distribution pattern were analysed separately. For that, main species mean density per depth was determined at each sampling moment. Also, weighted mean densities of dominant larval taxa at each sampling moment were calculated as WMD=∑(C i d i )/∑(C i , where C i stands for larval density at depth d i (i, depth layer number) (Pearre, 2003) . The amplitude of diel migration (DVM) was calculated as the difference between the WMD at day and night. A positive value indicated movement towards the surface during the night and a negative value reverse vertical migration.
Due to the large variability of data and to unbalanced design, a univariate PERMANOVA test was applied to assess variation in environmental factors, fish larvae density and weighted mean depths of larvae. The PERMANOVA tests hypotheses for multi-factors in a great variety of designs using permutation methods. Analysis was run for each season/lunar cycle combination separately and was based on Euclidian distances between samples, considering all the factors as fixed and unrestricted permutation of raw data.
Salinity and temperature was tested for differences between depth (surface, bottom) and tidal cycle (flood, ebb) with a two-way design (Tide/Depth). Fish larvae density was tested to assess separate and interactive effects of depth (surface, bottom), diel (day, night) and tidal
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6 cycle (flood, ebb) with a two-way design (Diel/Depth or Tide/Depth). Both analysis were made on ln(x+1) transformed data matrix. Weighted mean depth was tested to find differences in median depth positions between diel (day/night) and tidal (ebb/flood) cycles. For that a two-way design (Diel/Tidal) was applied on un-transformed data matrix. PERMANOVA tests were applied with PERMANOVA+ for PRIMER software (PRIMER v6 & PERMANOVA+ v1, PRIMER-E Ltd.). Significant results were investigated using a post-hoc test and
Bonferroni correction for multiple comparisons was applied to final significance value.
To identify periodic changes on larval vertical distribution, a harmonic regression (Batschelet, 1979) was performed. Harmonic regression is a simple adaptation of ordinary regression to situations where x-variables are cyclic or periodic. In practice it is a multiple regression carried out on trigonometric functions of angular transforms of periodic x-variables (Bell et al., 2001 ). The model was tested for 3 tidal constituents K1 (diurnal; time period = 23.9h), M2
(semi-diurnal; time period = 12.4h) and M4 (quarter-diurnal; time period = 6.2h) in order to determine diel and tidal variations of species mean density in each sampling moment.
Analyses were performed in SAS ® software and regression models were constructed according to Schultz et al. (2003) . Analysis was carried out on larval density at both depths and on weighted mean depth of main species.
Results
Hydrological conditions
During summer sampling, salinity values ranged from 28 to 33 at surface and 32 to 34 at bottom ( Fig. 2) . Neap tide presented differences in salinity values between surface and bottom samples while during spring tides no significant differences were detected (Table 1) . During winter, these differences were more evident with surface waters presenting salinity values ranging from 4 to 11 and bottom from 31 to 35 (Fig. 2 , Table 1 ). At winter spring tide, a significant interaction between depth and tide occurred with ebb bottom samples presenting higher salinity values than during flood (post hoc t=3.19, corrected p=0.002).
Regarding temperature, summer samples showed significantly higher values at the surface while at winter temperature was higher at bottom ( Fig. 2 , Table 1 ). Ebb and flood tide presented no significant differences both for salinity or temperature values (except for salinity winter spring tide) (Fig. 2 , Table 1 ).
Tidal and diel vertical pattern of larval distribution
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A total of 8476 fish larvae were collected during the study period. Species presented an even vertical distribution throughout the study period with exception for Pomatoschistus spp. which showed significantly higher densities in bottom, mainly during winter spring tide (Table 2) . At summer neap tide both G. niger and P. pilicornis showed higher density during ebb with no distinction between depths (Table 2) . Also, the majority of the species showed increased mean density standard deviation during ebb tides ( Table 2 ).
All the species were collected both at surface and bottom and during day and night period with the exception of P. pilicornis at summer spring tide and Sardina pilchardus at winter neap tide (Table 2) . Regarding diel cycle, species distribution was also uniform across the water column and, again, depth stratum was a significant factor only for Pomatoschistus spp.
at winter spring tides ( Table 2) . Regardless of season, the majority of species presented significantly higher density during night period. Also, mean density standard deviation is consistently higher during night periods (Table 2) . No significant interactions between depth and tide or diel cycle were detected (Table 2) .
At summer neap tide species weighted mean depth (WMD) ranged from 2.6 to 6.2m.
Parablennius pilicornis presented, generally, higher WMD while Gobius niger showed a shallower distribution (Fig. 3) . At summer spring tide, WMD ranged from 4.4 to 6m indicating a species distribution generally deeper than at summer neap tide. Main species analysed presented similar weighted mean depth (Fig. 3) . During winter neap tide Pomatoschistus spp. WMD ranged from 4.7 to 5.4m while at spring tide was around 6m.
Sardina pilchardus WMD ranged between 4.9 and 6 in neap tide and 4 and 5.1 in winter spring tide, reaching shallower layers of water column during flood (Fig. 3) . Pomatoschistus spp. and G. niger were the only species presenting significant differences between flood and ebb WMD (PseudoF 1,1 =5.13, p<0.05 and PseudoF 1,1 =6.57, p<0.05, respectively) in summer neap tides. Both species presented higher WMD during floods (Fig. 3) .
Diel vertical migration amplitude varied from 0.72 to 5.34m with S. pilchardus reaching the highest value during winter neap tide (Fig. 4) . In summer and winter spring tide, species showed a positive DVM indicating higher WMD during the day than at the night. At summer neap tide, Pomatoschistus spp. and G. niger presented a reverse pattern with higher WMD at night (Fig. 4 ). Significant differences between day and night WMD were detected for G. niger 
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Harmonic analysis of tidal and diel vertical pattern of larval distribution
Harmonic regression revealed periodic variability on most larval species analysed (Table 3 ; Fig. 5 ). Pomatoschistus spp. mean density at surface and at bottom varied periodically according to K1 (day-night) and M2 tidal constituents during all the analysed periods except for winter neap tides. Pomatoschistus spp. density was generally higher at night period and around low tide (Fig. 5) and variability explained by the model was higher during summer neap tides at the surface (Table 3) . Parablennius pilicornis mean density presented periodic variability only during summer neap tide at bottom samples with predicted model explaining 54% of the variability. Again mean density varied according to K1 and M2 periodicity (Table   3 ; Fig. 5 ). P. pilicornis density at bottom was higher during night around high tide (Fig. 5 ).
Also at summer neap tide, the effect of K1 and M2 on Gobius niger larval mean density were significant and, together with M4 constituent explained 85% of the variability observed at the bottom samples. Higher densities were mainly collected during night at high tide (surface) and low tide (bottom). In summer spring tides G. niger variability explained by the model was lower, either for bottom or surface larval mean density (Table 3 ; Fig. 5 ). K1 and M2 periodicity were significant also for Sardina pilchardus larvae density during winter neap and spring tides. However during winter spring tide effect was only significant in the bottom samples (Table 3 ; Fig. 5 ). In winter neap tide, S. pilchardus density was higher at night around high tide while in spring tide larvae density maximum was observed at dusk high tide (Fig. 5) .
Regarding larvae mean depth, periodic variability was only significant for Pomatoschistus spp. during summer spring tides with tidal predictor M2 explaining 63% of the variability observed (Table 3 ; Fig. 5 ). Position in the water column was generally shallower around low tide (Fig. 5) .
Pomatoschistus spp. presented higher amplitude estimates than the other species reaching maximum values for bottom samples in summer neap tide (Table 4) . Bottom larval densities showed generally higher amplitude estimates than at surface (Table 4) . Also, species presented amplitude estimates generally higher during neap tides. Only Sardina pilchardus showed higher M2 amplitude during winter spring tide (Table 4) .
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Discussion
Hydrological conditions experienced during both studied periods indicated that ebb and flood tides presented similar conditions (salinity and temperature). During summer, the entire water column presented salinities over 30 while in winter, surface water presented visibly lower salinity leading to water column stratification. These patterns reflect the strong influence of river flow in small estuaries like Mondego estuary. In dry months, low river flow lead to an increase of tidal influence on the estuary resulting in high sea water incursion. Marine influence is expected to increase also during higher amplitude tides so, as expected, both spring tides showed generally higher salinities and lower temperatures, mainly at surface. It is expected that these different environmental conditions influence fish larvae vertical distribution.
Seasonal pattern of high fish larvae density in summer and lower in winter was already reported for Mondego estuary and is a common feature in several estuaries being probably related to spawning period of species (Primo et al., 2011) . For this reason, it was chosen to analyse vertical distribution in each season separately.
Larval fish density showed no clearly preference in terms of vertical distribution, since differences between surface and bottom samples were not significant for the majority of the species. Also, no evidence of vertical stratification of larvae relative to diel cycle was found however species showed significant periodic variability in larval density related with K1
(day/night effect). Diel cycle seemed to have a strong influence on fish larvae density which presented, generally, a marked reduction in number during the day, both in summer and winter conditions. Diel changes in estuarine ichthyoplankton have been documented by several authors (e.g. Brodeur and Rugen, 1994; Islam et al., 2007; Auth et al., 2007; AcevesMedina et al., 2008 ) and the differences between night and day periods were often attributed to factors as gear avoidance or diel vertical migration (Rodríguez et al., 2006; Auth et al., 2007) . Gear avoidance is a common concern when sampling larval fishes, particularly the older developmental stages, as it is usually lower during night resulting in the misleading idea of higher larvae densities during nocturnal sampling. Also, rhythms of swim bladder inflation/deflation were often related with larvae vertical distribution (e.g. Ré, 1996; Santos et al., 2006) . Swim bladder inflation/deflation rhythms seem to be synchronized with light cycle and vary according to larvae development stage (Santos et al., 2006) .
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Migration amplitude and vertical distribution patterns may vary with size, development stage and from species to species (Hays et al., 1994; De Robertis, 2002; Rodríguez et al., 2006) .
Although present study lacks ontogenetic stage determination, larvae collected were small larvae (pre-flexion or flexion stage) and thus analyzed together. Diel vertical migration is a common behaviour in estuarine fish and invertebrate larvae and seems to be related with light-dependent predation mortality (e.g. De Robertis, 2002; Hays, 2003; Irigoien et al., 2004) . Though, low amplitude migrations observed are not expected to be light-mediated. The highest DVM amplitude was recorded for Sardina pilchardus (-5.34m) during winter neap tide which could be consistent with reverse diel vertical migration however, periodic analysis revealed no correlation between S. pilchardus WMD and day-night effect, similarly to all the remaining species. Reverse vertical migration is common and was previously found in copepods (e.g. Rawlinson et al., 2004) decapods (e.g. Tamaki et al., 2010) and fish larvae (e.g. Rodríguez et al., 2006) . In the Catalan Sea, most of the mesopelagic larvae fish species were closer to the surface during the day than at night (Sabatés, 2004) . Moreover Olivar et al. (2001) found the reverse DVM for S. pilchardus. One interpretation about adaptive significance for reverse DVM is avoidance of larger predatory invertebrates that perform normal DVM to escape from visual predators (Hays, 2003) . Furthermore, as visual predators fish larvae need an adequate level of light in the water column to detect and capture prey (Batty, 1987 ) and have a preferred light level that determines their diurnal distributions and diel changes in the vertical distribution result from the dispersal of larvae once the light stimulus disappears (Leis, 1991) .
Similarly to DVM, tidal vertical migration has also been widely verified in several zooplankton and fish larvae species (e.g. Jager, 1999; Ueda et al., 2010) . Again, larvae densities showed no evidence of vertical stratification relative to tide. Nevertheless, species showed significant periodic variability in larval density related with tide presenting generally higher densities around low tide. The increasing larval density during ebb may result in larval export from the estuary since this behaviour represents a typical ebb-tide transport.
Pomatoschistus spp. preference for shallower waters during ebb confirmed at summer spring tide reinforces this idea. However, for estuarine resident species like Pomatoschistus spp. or G. niger, it would be disadvantageous. Though, during this season no water vertical stratification occurred neither in ebb or flood, as a result of the low river inflow experienced, resulting in an increased landward transport. In this way, deeper position in the water column during floods may be related with species exploiting stronger landward currents. Preference for deeper layers of water column was also found in Chesapeake Bay (Hare et al., 2005) ,
Ariake Bay (Yamaguchi and Kume, 2007) and for gobies larvae in Hudson River estuary (Schultz et al., 2003) . Residual currents are often referred as important mechanisms promoting upstream transport and the retention of planktonic larvae (Schultz et al., 2003; Hare et al., 2005; Islam et al., 2007) . In estuaries and bays, flood-tide transport may depend on current flow at the sampling location since it can prevent larvae from successfully undertaking vertical migrations (Forward and Tankersley, 2001 ).
Tidal transport can also undergo diurnal changes and several authors refer an increased in flood transport during the night (e.g. Forward and Tankersley, 2001; Islam et al., 2007) .
Increased larvae density during ebb night time observed during this study may reflect an inverse tendency with higher downstream transport at night, particularly at winter which showed stronger seaward transport. This pattern was already mentioned for several invertebrate larvae (e.g. Queiroga et al., 1994; Forward and Tankersley, 2001 ).
The efficiency of larval transport on shallow depths seemed to depend on hydrodynamics condition of the estuary and inputs of river flow can be the main driven-force responsible for differences in larval distribution between the studied seasons. During summer a stronger landward transport occurred, both during ebb and flood tides while in winter, water column stratification lead to two different transport patterns, seaward on the surface and landward at the bottom. Therefore, Pomatoschistus spp. preference for bottom waters in winter was probably associated with retention and upstream transport in the estuary. Differences in physical transport processes within partially mixed and low-inflow estuaries may influence the dispersal and exchange of planktonic larvae (DiBacco et al., 2001 ). For instance, Lagadeuc et al. (1997) observed that the copepod Temora longicornis exhibited more significant vertical migrations in stratified water, but when water was mixed showed less significant migrations and a deeper distribution where vertical mixing was lowest. On the contrary, in Lough Hyne, the same species only undertook vertical migration under weakly stratified water, stopping when stratification was stronger (Rawlinson et al., 2005) .
Despite vertical patterns observed could not be related with diel or tidal cycle, main species presented some extent of vertical migration. Also, spring-neap tidal cycle seemed to influence vertical distribution of fish larvae species. During summer, neap tide seemed to favour this behaviour with species presenting higher amplitude movements. At summer, spring tide conditions seemed to present a more uniform water column, concerning to environmental condition, which can be preventing species vertical migration. Often, during spring tides, faster currents and increased water turbidity occur, limiting vertical migrations (Schultz et al., 2003) . In winter, stratification is probably higher during spring tides due to high river flow
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and increased tidal influence leading to a significant vertical density distribution, mainly for Pomatoschistus spp. The reverse pattern occurred in Hudson River estuary, where spring tide resulted in reduced stratification of the water column and more uniform distribution of larvae (Schultz et al., 2003) . Species migration was, however, higher during neap tide, probably because of weaker currents. Some species seem to present an endogenous rhythm associated with spring-neap cycle in order to synchronise to specific tidal amplitude (e.g. Hough and Naylor, 1991; Queiroga et al., 1994) .
Periodic regression advantages' over analysis of variance techniques have been previously
reported (e.g. Bell et al., 2001 , Schultz et al., 2003 . In the present study, harmonic regression revealed patterns that analysis of variance approach could not identify reinforcing the merit of this analysis in this kind of studies.
Vertical distribution of larvae influences their transport to and across the estuary being crucial to larvae development. Seaward transport could result in exportation of to the adjacent coastal area while landward reflect larvae import from ocean or retention mechanisms within the estuary and transport to the upstream areas. For many species, reaching estuarine nursery areas is essential to successfully complete their life-cycle and understanding this process is fundamental to a more general knowledge of the population dynamics of the species involved.
Conclusions
Fish larvae seem to be evenly distributed throughout the water column in Mondego estuary.
Also, tide and diel cycles seemed to be strongly related with fish larvae density which may influence their entrance in the estuary. Despite vertical migration observed could not be related with diel or tidal cycle, species showed variation in their position in the water column.
The main feature associated with vertical patterns observed appear to be related with hydrological regime (inputs of freshwater flow) and consequently seasonal stratification, increasing amplitude during periods of less stratification and weaker water currents. 
